The challenge for advanced biosensors is to detect biomolecules at low concentrations, which is crucially important for early-stage disease detection. Large numbers of nanomaterials with good fluorescence, electrochemical, surface-plasmon resonance properties have been adopted for biosensing applications[@b1][@b2][@b3]. Among them, luminescence resonance energy transfer (LRET) is an attractive technique for the sensitive detection of biomolecules, which is a nonradiative process wherein a luminescent donor transfers energy to a proximal acceptor (luminescent or nonluminescent) via nonradiative dipole−dipole interactions[@b4][@b5]. The rate of energy transfer is highly dependent on the extent of spectral overlap and the distance between the donor and acceptor[@b4]. According to the different types of the donor luminescence, mainly three kinds of LRET have been reported, namely fluorescence (or Förster) resonance energy transfer (FRET), chemiluminescence resonance energy transfer (CRET) and bioluminescence resonance energy transfer (BRET)[@b5][@b6][@b7]. Till now, there has been remarkable progress in the bioapplications of FRET, CRET and BRET[@b8][@b9][@b10]. Besides, as another kind of luminescence, electrochemiluminescence (ECL) has also attracted increasing interest in sensing applications due to its high sensitivity, wide dynamic concentration response range, as well as its potential and spatial controlment[@b11]. Nevertheless, rare attention has been paid to the electrochemiluminescence based energy transfer (ECL-ET) as a result of the difficulty in finding a suitable donor/acceptor pair[@b12]. To obtain optimal ECL-ET efficiency, perfect energy overlapped donor/acceptor pair is of great importance, therefore energy tunable materials are especially appealing as potential donor and acceptor. However, present works concerning ECL-ET are mostly comprised of nonadjustable donor or acceptor[@b12][@b13][@b14]. Consequently, the screening of ideal donor/acceptor pair for ECL-ET is a challenging work. Since the report of the ECL from Si quantum dots (QDs) by Ding and Bard in 2002, QDs have gradually become one of the most popular ECL species and been widely used for the construction of ECL biosensors[@b15][@b16][@b17]. Notably, the tunable emission wavelength and broad absorption spectra of QDs render them ideal active donor or acceptor for ECL-ET[@b12][@b13].

QDs with near-infrared (NIR) emission (650--900 nm) are particularly attractive, as biological autofluorescence and tissue absorption are both at their minima in this wavelength range[@b18][@b19][@b20]. So far many kinds of NIR-emitting QDs have been reported, such as CdSeTe, InAs, PbSe, CdP and CuInS, etc[@b21][@b22][@b23][@b24][@b25], among which the alloyed CdSeTe QDs have been of immense interest since been reported in 2003[@b26]. In comparison with other NIR-emitting QDs, alloyed CdSeTe QDs exhibit a very strong nonlinear effect between the composition and the absorption/emission energies, endowing them with special optical and electronic properties not available from the parent CdSe and CdTe QDs[@b26]. Consequently, the emission wavelength of CdTeSe QDs can readily reach NIR region by tuning Te/Se molar ratio. Meanwhile, the parent CdSe QDs can only cover typically 480--620 nm in emission, and even the CdTe QDs of 7 nm can only reach \~720 nm in emission[@b19][@b27][@b28]. To date, various methods have been developed for the synthesis of single or core-shell structured CdTeSe QDs[@b20][@b28][@b29][@b30][@b31][@b32]. Nevertheless, most of these methods adopted high-temperature organometallic routes, and then additional complicated manipulations were required to disperse these QDs in water, leading to the decrease of quantum yield (QY) and the limitation for their further bioapplications[@b19][@b33].

On the other hand, it is well known that two prerequisites are necessary for the bioapplications of QDs, one is good optical properties such as strong fluorescence, high quantum yield and long lifetime, and the other is low biotoxicity. However, it has been reported that cadmium-based QDs pose risks to human health and the environment associated with the leaching of free Cd^2+^ ions from them via degradation, which will impede their biological applications. Fortunately, coating the cadmium-based core with proper shell, such as ZnS and polymer coatings, can repress the Cd^2+^ release and thus drastically reduce or even eliminate toxicity in vitro and in vivo[@b34][@b35][@b36]. It is worth noting that, for the formation of "ideal" core-shell QDs, two criteria must be fulfilled. Firstly, the shell material should possess a much wider band gap than the core to suppress the exciton leakage into the shell. Secondly, the core and shell materials should have similar lattice parameters so that the shell-growth can happen in an epitaxial manner, without the formation of structural defects which could markedly lower the QY[@b37]. Till now, the CdSeTe QDs are mostly passivated with nontoxic ZnS shell to obtain CdSeTe/ZnS coer-shell QDs. However, for both CdSe and CdTe, the large lattice mismatches (\>10%) relative to ZnS hinder the formation of high-quality QDs. Therefore it is of high importance to develop new aqueous synthetic procedure for NIR-emitting core-shell CdTeSe QDs with excellent optical properties and low biotoxicity.

Besides, gold nanorods (GNRs) have attracted a great deal of attention due to their well-defined surface-plasmon based optical properties[@b38]. GNRs possess two principal localized surface plasmon resonance (SPR) bands, namely, the transverse band and the longitudinal band (LSPR), corresponding to electron oscillations in the short and long axes of the GNRs, respectively. The former is located in the visible region around 520 nm, while the latter shows exquisite dependence on the aspect ratio with small variations (tunable from visible to NIR region) and without the need to significantly vary the overall dimensions[@b38][@b39]. Such aspect ratio-dependent optical properties of the GNRs bring some advantages in a LRET system[@b40][@b41].

Herein, we propose the microwave-assisted production of high-quality NIR-emitting CdSeTe/CdS/ZnS QDs with successive epitaxial CdS and ZnS shells according to the relative lattice mismatches between each component as shown in [Fig. 1](#f1){ref-type="fig"}. The double shelled CdSeTe/CdS/ZnS QDs possess exciting optical properties and favorable biocompatibility, showing valuable potential in bioapplications. The QDs are further used for the fabrication of a novel ECL-ET based immunosensor, featuring perfect energy matched CdSeTe/CdS/ZnS QDs and gold nanorods (GNRs) as the donor-quencher pair. Greatly improved sensitivity is attained via twofold signal amplification from mesoporous SiO~2~ coated carbon nanotubes (mCNTs)-QDs nanocomposites and ECL-ET technology. This approach provides a sensitive response to carcinoembryonic antigen (CEA) in a wide range from 0.001 to 200 pg mL^−1^ with a detection limit of 0.0005 pg mL^−1^. The proposed facile synthetic method for NIR-emitting QDs and novel ECL-ET signal amplification strategy should open exciting possibilities in developing advanced nanostructures and biosensors.

Results
=======

Synthesis and characterization of CdSeTe/CdS/ZnS QDs
----------------------------------------------------

The small-sized CdSeTe clusters were firstly synthesized at low temperature under cadmium-rich condition, namely the cadmium precursor was about 20-fold in excess of the total amount of injected Se and Te (see Methods). Such cadmium-rich condition ensured the complete consumption of the injected Se and Te, the adequate reaction rate even at low temperature, as well as the formation of small sized production. 3-mercaptopropionic acid (MPA) was used as capping agent and stabilizer, which attached onto QDs via a chemical bond between the metal atoms of QDs and the thiol groups of MPA. The UV-vis absorption spectra were explored for the preparation of the CdSeTe clusters at serial reaction time to monitor their size evolution ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). The results revealed that the reaction time of 1 h was sufficient for the growth of CdSeTe clusters, and prolonged reaction time could not cause obvious change in particle size.

To obtain CdSeTe based core-shell QDs with minimized toxicity and excellent photoluminescence (PL), CdSeTe/CdS/ZnS double shell QDs were designed according to the lattice mismatches between each relative component, namely CdSe, CdTe, CdS and ZnS as shown in [Fig. 1a](#f1){ref-type="fig"}. The relatively small lattice mismatch between CdSe, CdTe and CdS ensures the epitaxial growth of CdS shell on the surface of CdSeTe QDs. Moreover, the small mismatch between CdS and ZnS lattice parameters enables the formation of core-shelled CdS/ZnS architecture with coherent epitaxial mode[@b33]. Thus, the CdS shell can be expected to serve as a buffer layer between CdSeTe core and ZnS shell, allowing a stepwise change of lattice spacing for the resultant CdSeTe/CdS/ZnS QDs and reducing the strain inside the QDs ([Fig. 1b](#f1){ref-type="fig"}).

The small-sized CdSeTe clusters were further used as the core for the subsequent one-pot facile synthesis of core-shell CdSeTe/CdS QDs with time- and component-tunable photoluminescence spanning both the visible and NIR regions ([Fig. 1c](#f1){ref-type="fig"}). As the growth of the small-sized core and the coating of the shell took place simultaneously, overgrowth of the resultant CdSeTe/CdS QDs could be restrained, yielding smaller sized QDs with longer maximum emission wavelength compared with two-step synthetic approach.

The synthetic conditions for NIR-emitting CdSeTe/CdS QDs were optimized via investigating multiple parameters which influenced the optical properties of the QDs. Firstly the injected Te/Se molar ratio, with the constant concentration of Te precursor, is taken into consideration. A series of Te/Se molar ratios (100:0, 83:17, 75:25, 33:67 and 20:80) were selected and the result is displayed in [Fig. 2a](#f2){ref-type="fig"}. It can be observed that, with increasing reaction time from 10 min to 30 min, the maximum emission wavelength of CdSeTe/CdS QDs red-shifts obviously with increasing Se amount at relatively low concentration. Such red-shift is an indication for the formation of expected CdSeTe/CdS core-shell structure rather than a CdSe~x~Te~y~S~1−x−y~ alloyed structure[@b33][@b42]. However, at higher concentration, increasing Se amount can conversely lead to much weaker red-shift of the emission wavelength over time. When Te/Se molar ratio was 83:17, the resultant QDs showed the most obvious red-shift in emission wavelength, thus 83:17 was selected as the optimum composition for the preparation of NIR-emitting QDs. Secondly, with fixed Te/Se molar ratio of 83:17, the influence of the concentration of Cd precursor (CdCl~2~) for CdS coating was also investigated. As shown in [Fig. 2b](#f2){ref-type="fig"}, with the injection of individual MPA, the maximum emission wavelength of the resultant QDs has just negligible red-shift with the reaction time increased from 10 min to 30 min, indicating that the additional CdS shell is of great importance for the acquisition of NIR-emitting CdSeTe/CdS QDs. Furthermore, increasing CdCl~2~ concentration resulted in gradual red-shift of CdSeTe/CdS QDs, and finally reaches the optimum condition at the concentration of 5 mM. High CdCl~2~ concentration can lead to weaker emission red-shift of the resultant QDs, as well as in the PL intensity, probably because an excessively thick CdS shell can induce the formation of dislocations and new defects[@b42].

To further confirm that the PL of CdSeTe/CdS QDs indeed originates from CdSeTe core, control experiment was carried out. When the individual CdS/MPA in the absence of CdSeTe core was radiated with microwave, the PL spectrum of the product was compared with that of the CdSeTe/CdS QDs ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). The negligible PL from CdS/MPA indicates that CdSeTe core is the optically active center in CdSeTe/CdS QDs.

The optical properties of the resulting CdSeTe/CdS QDs at different reaction time interval are depicted in [Fig. 1c](#f1){ref-type="fig"} and [Fig. 2c](#f2){ref-type="fig"}. As the reaction time prolonged from 2 min to 40 min, the absorption and PL wavelength red-shifted gradually (from 498 nm to 761 nm in emission), revealing the growth of the particles. It is noteworthy that the CdSeTe/CdS QDs can readily reach NIR region within just about 10 min. The CdSeTe/CdS QDs exhibited high QYs up to 56% with full-width at half maximum (FWHM) between 57\~68 nm, which is much narrower than other reported NIR-emitting QDs, such as CdTe/CdSe QDs (70\~80 nm), InAs (80\~90 nm), Cd~3~P~2~(75\~100 nm), CuInS~2~ (100\~140 nm)[@b22][@b23][@b25][@b43]. The high QYs and narrow spectral widths indicate that the alloyed QDs are highly crystalline in structure and monodispersed in solution.

The elemental composition of the resultant CdSeTe clusters and CdSeTe/CdS QDs prepared under the above mentioned optimum conditions were tested by ICP-AES and compared with the composite ratio of the injected precursors ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). The Te/Se molar ratio was almost unchanged, indicating the cadmium-rich condition could promote the complete consumption of the injected Se and Te.

In view of the inherent toxicity of the cadmium, an additional nontoxic ZnS shell was coated onto the CdSeTe/CdS QDs to minimize the toxicity of NIR-emitting QDs. The CdSeTe/CdS/ZnS QDs, in comparison with CdSeTe/CdS QDs, showed slight enhancement and red-shift in their PL behavior ([Fig. 2d](#f2){ref-type="fig"}), suggesting that the CdSeTe/CdS QDs have not obvious surface defects after the passivation of CdS shell. Nevertheless, the CdSeTe/CdS/ZnS QDs possessed extended PL lifetime. As shown in [Fig. 2e](#f2){ref-type="fig"}, the double shell QDs with a maximum emission wavelength of 648 nm and 764 nm have average lifetimes of 67 ns and 40 ns respectively, much longer than previously reported CdSeTe QDs[@b39]. The detailed PL lifetime parameters were listed in the [Supplementary Table S2](#s1){ref-type="supplementary-material"}[@b29][@b44][@b45].

The topographies and structures of the obtained CdSeTe nanoclusters, CdSeTe/CdS QDs, and CdSeTe/CdS/ZnS QDs were further characterized by high resolution transmission electron microscopy (HRTEM) images and X-ray powder diffraction (XRD) pattern as shown in [Fig. 3](#f3){ref-type="fig"}. The CdSeTe clusters were confirmed to be subnanometer-sized with mean diameter of 1.5 nm. After microwave radiated for 40 min, the resultant CdSeTe/CdS QDs (λ~em~: 761 nm) showed increased average size of 3.0 nm, and the mean size of the corresponding CdSeTe/CdS/ZnS QDs (λ~em~: 764 nm) increased to 4.2 nm, indicating the thickness of 1.5 or 1.2 nm for the CdS or ZnS shell, respectively. It is worthy of note that the CdSeTe/CdS/ZnS QDs showed obvious lattice planes that stretched straight across the entire particle without evidence of an interface between the core and shells, implying a coherent epitaxial mechanism for the growth of both CdS and ZnS shells and demonstrating that the shell growth does not disturb the crystalline of the CdSeTe core[@b33][@b42][@b46]. Moreover, the XRD patterns showed that CdSeTe core had a zinc-blende crystal structure. In contrast, the diffraction patterns of CdSeTe/CdS QDs and CdSeTe/CdS/ZnS QDs moved slightly toward higher angles due to the formation of the CdS and ZnS shells. A brief summary of the optical and morphological parameters of QDs stated above is provided for clarity ([Supplementary Table S3](#s1){ref-type="supplementary-material"}).

Research revealed that the leaching of toxic Cd^2+^ ions from QDs and their tendency to aggregate in living cells are two key factors that lead to their cytotoxicity[@b33]. Thus the dispersibility and stability of the water-soluble QDs under biologically relevant condition have been investigated ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). The results revealed that the QDs were not susceptible to aggregation in biologically relevant conditions. The bioactivity of CdSeTe/CdS/ZnS QDs was evaluated by MTT test and cell imaging as shown in [Supplementary Fig. S4 and S5](#s1){ref-type="supplementary-material"}, verifying that such double shell NIR-emitting QDs had low toxicity and showed great possibility for targeted cell imaging.

In comparison with commercially available quantum dots ([Supplementary Information](#s1){ref-type="supplementary-material"}), the CdSeTe/CdS/ZnS QDs display some attractive virtues, such as smaller size, longer lifetime, and narrower FWHM in the NIR region. Moreover, only few emission wavelengths of commercial quantum dots could be purchased. Contrarily, by using the proposed synthetic procedure, the researchers can easily obtain quantum dots with various colors for different applications, making the CdSeTe/CdS/ZnS QDs remarkably attractive.

Characterization of the ECL-ET donor-quencher pair
--------------------------------------------------

CNTs have been widely used for signal amplification in ECL sensing research due to their excellent conductibility, large specific surface area, and good biocompatibility[@b16][@b47]. However, on the other hand, CNTs can absorb the emission from both PL and ECL of QDs because of energy transfer and blackbody effect[@b47][@b48][@b49]. As a consequence, both intense enough ECL signal and low ECL absorption in CNTs-QDs composites must be satisfied to rule out the interference of CNTs and finally ensure high ECL-ET efficiency. It is reported that deposition of a silica spacer between the QDs and the CNTs can minimize the PL quenching more effectively than polymer-wrapping technique[@b48]. Given the above situations, we chose to coat CNTs with a mesoporous SiO~2~ layer to hinder light quenching as much as possible and meanwhile minimize adverse effects arising from the insulativity of silica ([Fig. 4a](#f4){ref-type="fig"} and [Supplementary Methods](#s1){ref-type="supplementary-material"}). As depicted in [Supplementary Fig. S6](#s1){ref-type="supplementary-material"}, the CNTs with a mesoporous SiO~2~ coating (mCNTs) showed a diameter of 40 nm, much larger than that of acid treated CNTs (ca. 20 nm), therefore the thick of silica coating layer was about 10 nm. The NIR-emitting CdSeTe/CdS/ZnS QDs with a maximum emission wavelength of 711 nm (QDs711) were conjugated to mCNTs with cationic polyelectrolyte PEI as the binding linker via the formation of an amide bond between amino groups in PEI and carboxyl groups of MPA attached on QDs surface ([Supplementary Fig. S7](#s1){ref-type="supplementary-material"}), as well as electrostatic interactions between positively charged PEI and negatively charged QDs. The successful conjugation of PEI with mCNTs was verified by zeta potential ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). For comparison, PEI functionalized acid treated CNTs (pCNTs) were also prepared and conjugated with the same QDs. The PL intensity of mCNTs-QDs nanocomposites was 5.5 times higher than that of pCNTs-QDs nanocomposites ([Supplementary Fig. S9](#s1){ref-type="supplementary-material"}), demonstrating that mesoporous SiO~2~coating could indeed inhibit PL quenching. Moreover, the maximum emission wavelength of QDs711 slightly red shifted to 718 nm ([Fig. 5a](#f5){ref-type="fig"}), arising from a decrease of the quantum confinement of QDs after assembly onto CNTs[@b48].

As for the ECL-ET acceptor, the CTAB stabilized GNRs were treated with PSS and then conjugated with Ab~2~ according to previous report (see Methods)[@b50]. In order to obtain optimum ECL-ET, LSPR band of GNRs-Ab~2~ bioconjugates must overlap with the the ECL peak wavelength of QDs-mCNTs nanocomposites to the largest extent. Upon careful screening, the GNRs with LSPR band at 701 nm (GNRs701) were finally chosen as the optimal acceptor, the resultant GNRs-Ab~2~ bioconjugates showed a red-shifted LSPR band at 724 nm, proximate with ECL peak wavelength of QDs-mCNTs nanocomposites at 726 nm ([Fig. 5a](#f5){ref-type="fig"}).

Insights into the quenching mechanisms
--------------------------------------

As for the energy transfer process between a molecular dye as the donor and a metallic acceptor (such as metallic surface, metal nanoparticles, etc.), two cardinal mechanisms have been developed, that is FRET and nanometal surface energy transfer (NSET). Both FRET and NSET are through-space mechanism and their energy transfer efficiencies strongly depend on the separation distance between donor and acceptor[@b51]. The key differences are that FRET is a dipole-dipole type energy transfer with 1/*r*^6^ distance dependence, while NSET is a dipole-surface type energy transfer following 1/*r*^4^ distance dependence[@b52][@b53][@b54]. To explore the mechanism of energy transfer in this work, we introduced a QDs-dsDNA-GNRs conjugate, which was composed of QDs682 as the donor, GNRs676 as the acceptor, and the rigid dsDNA as the spacer with length varying from 6.24 nm to 17.12 nm. QDs682 and GNRs676 were positioned at the opposite 5′ ends of the dsDNA ([Supplementary Fig. S10](#s1){ref-type="supplementary-material"}). Thus a plot of the quenching efficiency versus separation distance could be obtained. [Supplementary Fig. S12b](#s1){ref-type="supplementary-material"} compared the experimentally observed quenching efficiencies with the theoretical energy transfer efficiency curves based on FRET and NSET models, where the Förster radius (*R*~0~) and NSET radius (*d*~0~) are calculated to be 124 Å and 74 Å, respectively. The results indicated that the experimental data was between FRET and NSET theoretical curves, specifically, it was more close to the FRET curves at long separations, but deviated from FRET behavior towards NSET behaviour at short separations. This is quite possibly because the asphericity and large size of the GNRs can lead to the breaking down of the point-dipole approximation (see [Supplementary Information](#s1){ref-type="supplementary-material"}) at distance comparable to the radius of the metal nanoparticle, and the distance dependence of energy transfer is strongly influenced by the relative orientation[@b55]. Besides, at shorter distances electron transfer may give rise to additive nonradiative decay transfer between the QDs and the metal surface[@b56]. Thus it is not sufficiently accurate to conclude that the quenching mechanism is solely based on FRET or NSET model in present system. Fortunately, for the energy transfer process, the quenching efficiency is determined by the number of acceptor molecules interacting with one donor while the separation distance between donor and acceptor is fixed[@b7], thus providing an effective strategy for quantitative determination[@b57][@b58]. In other words, although the detailed quenching mechanism still requires further clarification, the feasibility of quantitative determination based on energy transfer process is theoretically valid. In present system, the separation distance is in fact the size of the sandwich-type antigen-antibody immune complex, therefore the quenching efficiency is relative to the CEA concentration, as a result, CEA can be quantitatively detected.

As for the energy transfer systems, the effective energy transfer distance can be estimated by the "rule of thumb" *R*~0~ ± 50% *R*~0~for the upper and lower limits[@b4][@b7][@b59][@b60]. To ensure that the distance between the QDs/GNRs donor/accepter pair is effective for the occurrence of ECL-ET, we estimated the actual distance (*r*) between the donor and acceptor through HRTEM characterization. However, it was hard to get the *r* value from the HRTEM image of mCNTs-QDs-Ab~1~/CEA/GNRs-Ab~2~ nanocomposites due to the obstruction of mCNTs ([Supplementary Fig. S13](#s1){ref-type="supplementary-material"}). Thus, we simplified the ECL-ET system by conjugating the QDs and GNRs via immunoreaction just without the mCNTs. As shown in [Supplementary Fig. S14](#s1){ref-type="supplementary-material"}, the construction of the resultant QDs-Ab~1~/CEA/GNRs-Ab~2~nanocomposites was simulated and depicted, as well as the HRETM images. The results indicated that all the QDs711 were in close proximity to GNRs, falling within the effective distance (*R~0~*for QDs711/GNRs701 donor/accepter pair is calculated to be 147 Å).

Fabrication and characterization of the ECL immunosensor
--------------------------------------------------------

As shown in [Fig. 4b](#f4){ref-type="fig"}, for the fabrication of the ECL immunosensor, mCNTs-QDs-Ab~1~ bioconjugates are firstly coated onto the electrode, after blocked with BSA, CEA and GNRs-Ab~2~ bioconjugates are successively attached onto mCNTs-QDs-Ab~1~bioconjugates modified electrode through antigen-antibody specific recognition. Therefore the QDs/GNRs donor/acceptor pair was brought into close proximity, ECL-ET can occur and lead to the quenching of the QDs ECL ([Fig. 6](#f6){ref-type="fig"}). The decrease extent is relative to the amount of acceptor (GNRs-Ab~2~ bioconjugates), namely the CEA concentration, thus CEA can be quantitatively detected.

ECL signals at each immobilization steps were recorded to monitor the fabrication of the immunosensor. As shown in [Fig. 5b](#f5){ref-type="fig"}, the bare gold electrode (GE) exhibits negligible ECL signal, and an intensive ECL emission peak around −1.46 V with an onset potential of −1.14 V can be obtained after the assembly of pure CdSeTe/CdS/ZnS QDs. Notably, the ECL intensity from the mCNTs-QDs composite film was about 3.2-fold higher than that observed from the pure QDs film, accompanying positively shifted emission peak at −1.33 V with an onset potential of −1.0 V. The results could be attributed to the presence of mCNTs which decreased the potential barriers of the ECL reaction, indicating that the mCNTs possessed excellent conductivity even after SiO~2~ coating ([Supplementary Fig. S15](#s1){ref-type="supplementary-material"}). In addition, the more porous structure and larger surface area in the composite film could not only provide more binding sites for the adsorption of QDs, but also facilitate the diffusion of ECL coreactant K~2~S~2~O~8~ into the membrane, thus amplifying the ECL signal[@b61]. The ECL signal from mCNTs-QDs-Ab~1~ bioconjugates modified elctrode was relatively weaker and negatively shifted (−1.39 V), ascribed to the insulativity of proteins. The following assembly of BSA could observably decrease the ECL signal, and the CEA (0.1 pg mL^−1^) adsorption only led to slight ECL decrease. Nevertheless, after the GNRs-Ab~2~ bioconjugates were loaded onto the mCNTs-QDs-Ab~1~/BSA/CEA modified electrode, the ECL signal dropped severely with a quenching degree of 34.7%, providing strong evidence for the feasibility of ECL-ET. All the above results indicated the successful construction of ECL immunosensor.

Electrochemical impedance spectroscopy (EIS) analysis was performed to support the assembly as shown in [Fig. 5c](#f5){ref-type="fig"}. After the mCNTs-QDs-Ab~1~ bioconjugates were immobilized onto the electrode, the electron-transfer resistance (*R*~et~) just increased somewhat in comparison with bare GE, suggesting the good conductivity of mCNTs even in the presence of silica coating. The conjugation of BSA and CEA resulted in the increase of *R*~et~ value due to their insulating properties[@b16][@b62]. However, obviously decreased *R*~et~ could be observed after the GNRs-Ab~2~ bioconjugates were assembled onto the electrode, originating from the excellent conductivity of GNRs, which was further proved by cyclic voltammogram (CV) of the modified electrode before and after the assembly of GNRs-Ab~2~ bioconjugates ([Supplementary Fig. S16 and S17](#s1){ref-type="supplementary-material"}).

To demonstrate that the ECL signal decrease indeed arises from ECL-ET, GNRs with LSPR band at 633 nm (GNRs633) were prepared as the acceptor for parallel experiments. As shown in [Fig. 5d](#f5){ref-type="fig"}, while GNRs701 could result in ECL quenching degree of 65.1% in the presence of 10 pg mL^−1^ CEA, the GNRs633 could just lead to ECL quenching degree of 9.5%. The results proved that the energy overlap between the donor/acceptor pair was of great importance and the selected donor-acceptor herein could effectively ensure the occurrence of ECL-ET.

The effect of the QDs size on the ECL-ET efficiency was also taken into consideration. As stated above, the QDs prepared using the proposed synthetic approach possessed quite small size, which means that small variation in the size of QDs will leading to greatly shift of the emission wavelength. As shown in the [Supplementary Fig. S18](#s1){ref-type="supplementary-material"}, the QDs570 exhibited mean diameter approximate to that of QDs764 ([Fig. 3c](#f3){ref-type="fig"}). Such extreme variation in emission wavelength has a strong impact on the spectral overlap extent of the QDs and GNRs, thus affecting the ECL-ET efficiency.

CEA detection with the ECL immunosensor
---------------------------------------

The proposed immunosensor showed stable ECL signal upon consecutive potential scans ([Supplementary Fig. S19](#s1){ref-type="supplementary-material"}), indicating the feasibility for ECL detection. As demonstrated above, after GNRs-Ab~2~ bioconjugates were immobilized onto the electrode, the ECL intensity dramatically decreases due to the occurrence of ECL-ET. The higher CEA concentration could result in stronger ECL quenching, as a result, much weaker ECL signal could be observed. [Fig. 7](#f7){ref-type="fig"} illustrates the ECL responses of the immunosensor toward different concentrations of CEA and the corresponding standard calibration curve for CEA detection. The ECL signal decreased linearly with the increasing logarithmic value of CEA concentration in the range of 0.001\~200 pg mL^−1^, and the detection limit was 0.0005 pg mL^−1^ using the signal to noise ratio S/N = 3. According to the linear equation, CEA could be detected quantitatively with the ECL immunosensor.

According to previous reports on ECL immunosensor, upon the conjugation of antigen onto the QDs and antibody modified electrode, the formation of antigen-antibody complex can lead to steric hindrance, as well as the increased electron-transfer resistance because of the insulating nature of proteins. Therefore electron- and mass-transfer are hindered, and the ECL signal decrease is relative to the antigen concentration to some extent[@b63][@b64]. The comparison between antigen-antibody complex and ECL-ET based sensing strategies were also performed as shown in [Fig. 7b](#f7){ref-type="fig"}. Obviously, the ECL-ET based strategy (mCNTs-QDs-Ab~1~/BSA/CEA/GNRs-Ab~2~) was much more sensitive for CEA detection and 200 pg mL^−1^ CEA resulted in ECL quenching degree of 89.1%, whereas antigen-antibody complex (mCNTs-QDs-Ab~1~/BSA/CEA) only led to slighter changes in ECL intensity below CEA concentration of 0.1 pg mL^−1^. Above results revealed that the ECL-ET upon the introduction of GNRs-Ab~2~bioconjugates could effectively amplify the sensing signal and improve the detection sensitivity.

Specificity, reproducibility, and stability of the immunosensor
---------------------------------------------------------------

Specificity is an important criterion for immunosensors. The potential interference from coexisting species toward CEA detection was studied by comparing the ECL response of the immunosensor toward pure CEA (10 pg mL^−1^) and the mixture composed of CEA (10 pg mL^−1^), alpha-fetal protein (50 pg mL^−1^ ) and BSA (100 pg mL^−1^). No significant difference (RSD 6.5%) was obtained, suggesting that the proposed immunosensor had a good specificity to CEA. Thus this immunosensor is feasible for the determination of CEA in human specimens.

The reproducibility of the immunosensor for CEA detection was investigated through intra- and interassay precision, which were evaluated by measuring the same CEA sample with three reduplicate measurements, and with three immunosensors made on the same electrode. The intra- and interassay RSDs for 10 pg mL^−1^ CEA were 2.7% and 6.6% respectively, indicating the immunosensor had acceptable precision and fabrication reproducibility. After the immunosensor was stored in pH 7.4 PBS at 4°C for 20 days, no significant change was observed in the analytical performances for the same CEA concentration, which indicates that the immunosensor has good stability.

Measurement of CEA in human serum
---------------------------------

The feasibility of the immunoassay for clinical applications was evaluated by comparing the assay results of clinical serum samples using the proposed ECL immunosensor with the traditional ELISA method. Three clinically acquired human serum samples with varying CEA content after an appropriate dilution with pH 7.4 PBS were tested. The results listed in [Supplementary Table S4](#s1){ref-type="supplementary-material"} showed an acceptable agreement, indicating the acceptable accuracy of the proposed senor for the detection of CEA in clinical samples.

Discussion
==========

Taken together, this work has introduced an integrated system ranging from the synthesis of near-infrared-emitting alloyed CdSeTe/CdS/ZnS double shell QDs to the fabrication of ECL-ET based biosensor with perfect energy matched donor/acceptor pair for sensitive detection of tumor markers (CEA). This work has several key meritorious novelties, including the appealing QDs synthetic approach, the rigorous screening of donor/acceptor pair, and the extremely high sensitivity owing to multiplex signal amplification strategies. The synthesis of CdSeTe/CdS/ZnS double shell QDs follows coherent epitaxial shell growth mechanism, and the resultant QDs exhibit time- and component-tunable photoluminescence, excellent optical properties capable of competing with other kinds of near-infrared-emitting QDs, and favourable biocompatibility. This new class of QDs shows broad use in multicolor bioimaging, biosensing, and other biologic system. Moreover, taken advantage of the inherent energy tunable properties of both QDs and GNRs, perfectly energy matched CdSeTe/CdS/ZnS QDs and GNRs were selected and used as the donor/acceptor pair for the fabrication of ECL-ET based immunosensor. Greatly improved sensitivity was realized in this work via twofold signal amplification from mCNTs-QDs nanocomposites and ECL-ET technology. CEA in human serum was measured with this sensors with high accuracy compared to a referee ELISA method. It provides a novel class of signal amplification strategy for ECL immunosensing, and can be adopted easily for the detection of other proteins.

Methods
=======

Chemicals and materials
-----------------------

Mouse monoclonal capture and signal anti-CEA antibodies (clone no. C3 and B5), Human alpha-fetal protein were purchased from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China). CEA standard solutions with concentrations from 0 to 400 ng mL^−1^ were from ELISA kits of CEA, which were supplied by Linc-Bioscience Co., Ltd. (Shanghai, China). Human IgG was purchased from Ningbo Xinzhi Biochemical Reagents (Ningbo, China). Polyethylenimine (PEI, 50%, w/w, in water, M~W~ = 2,000), Poly (sodium 4-styrenesulfonate) (PSS, 30%, w/w, in water, M~W~ = 70,000), and BSA (96--99%) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). Multiwalled CNTs (CVD method, purity ≥ 95%, diameter 10--30 nm, and length 5 μm) were purchased from Nanoport. Co. Ltd. (Shenzhen, China). Ultrapure water obtained from a Millipore water purification system (≥18 MΩ, Milli-Q, Millipore) was used in all assays. The clinical serum samples were from Nanjing Drum Tower Hospital. All other reagents were of analytical grade and used as received without further purification.

Phosphate buffered saline (PBS) of various pH were prepared by mixing the stock solutions of NaH~2~PO~4~ and Na~2~HPO~4~, and then adjusting the pH with 0.1 M NaOH and H~3~PO~4~. The washing buffer was PBS (0.01 M, pH 7.4) containing 0.05% (w/v) Tween 20 (PBST). Blocking solution was PBS (0.01 M, pH 7.4) with 2% (w/v) BSA. 0.1 M PBS (pH 7.4) containing 0.1 M K~2~S~2~O~8~ and 0.1 M KCl was used as the electrolyte in ECL analysis. 10 mM PBS (pH 7.4) containing 2.5 mM \[Fe(CN)~6~\]^3−/4−^ and 0.1 M KCl was used for electrochemical impedance spectroscopy measurement.

Apparatus
---------

The microwave synthesis of quantum dots was performed on a WBFY-201 Microwave Oven equipped with atmospheric reflux device (Nanjing Keer Instrument Equipments Co. Ltd., Nanjing, China). The ECL emission was detected with a Model MPI-A Electrochemiluminescence Analyzer (Xi\'An Remax Electronic Science & Technology Co. Ltd., Xi\'An, China). The voltage of the PMT was 600 V with 2 times of magnification in the detection process. The ECL spectrum was obtained by collecting the ECL peak intensity during the cyclic potential sweep with a series of optical filters (at 600, 630, 650, 685, 700, 720, and 760 nm) placed between the electrolytic cell and the PMT. The visual setup of the ECL instrument was presented in the [Supplementary Fig. S20](#s1){ref-type="supplementary-material"}.

Synthesis of CdSeTe/CdS core-shell quantun dots
-----------------------------------------------

Our strategy for the preparation of the core, alloyed CdSeTe nanocluster was inspired by the method for small-sized CdTe core as originally presented by Liu et al[@b65]. In a typical synthesis, N~2~-saturated CdCl~2~solution (5 mM, 50 mL) containing 3-mercaptopropionic acid (MPA, 37 μL) at pH 12.2 was prepared at low temperature (\<20°C). Then premixed solutions of freshly prepared NaHTe and NaHSe with various Te/Se molar ratios (100:0, 83:17, 75:25, 33:67 and 20:80) were added into the CdCl~2~solution individually. Under these conditions, the cadmium precursor was about 20-fold in excess of the total amount of injected Se and Te (0.25 mM in total). The high Cd/(Te + Se) ratio can promote the growth of small-sized CdSeTe clusters. After stirring for 1 h, the expected CdSeTe clusters with diameters of about 1.5 nm were formed and stored in the refrigerator at 4°C for use ([Fig. 3a](#f3){ref-type="fig"}).

For the synthesis of CdSeTe/CdS core-shell quantum dots, the CdSeTe clusters were precipitated with ethanol and collected via centrifugation at 6,000 rpm, then redissolved in 50 mL ultrapure water. CdCl~2~ (5 mM) and MPA (40 μL) were added into the solution, the pH was tuned to 12.2 with 1 M NaOH. Then the CdSeTe/CdS precursor was irradiated and refluxed under microwave for different time. Aliquots of the reaction mixture were taken out periodically for UV and PL detection ([Fig. 2](#f2){ref-type="fig"}). No post-preparative treatment was performed on the samples used for optical characterizations. Furthermore, in order to explore the influence of CdS shell on the CdSeTe/CdS quantum dots, various concentrations of CdCl~2~/MPA (with molar ratio 1:1.7) or individual MPA were also adopted for comparison. These as-prepared CdSeTe/CdS quantum dots could be purified by precipitation and centrifugation. The precipitate was redissolved in 50 mL ultrapure water and used as CdSeTe/CdS core-shell quantum dots (200 nM) in subsequent steps for CdSeTe/CdS/ZnS core-shell-shell quantum dots.

Synthesis of CdSeTe/CdS/ZnS double shell quantum dots
-----------------------------------------------------

Typical synthetic procedure for CdSeTe/CdS/ZnS quantum dots is as follows. MPA (20 μL) and ZnCl~2~ solution (400 μL, 10 mM) were added into N~2~-saturated CdSeTe/CdS solution (pH 11.5). Then 500 μL Na~2~S solution (10 mM) was added dropwise under strring at 60°C. After strring for 1 h, CdSeTe/CdS/ZnS core-shell-shell quantum dots were obtained.

The quantum yields (QYs) were estimated at room temperature using Rhodamine B, and Rhodamine 6G in ethanol according to the different maximum emission wavelengths of thequantum dots[@b32][@b66].

Preparation of the mCNTs-QDs-Ab~1~Bioconjugates
-----------------------------------------------

The mesoporous SiO~2~ coated CNTs (mCNTs) were prepared according to previous report with small modification and further functionalized with PEI ([Fig. 1a](#f1){ref-type="fig"} and [Supplementary Methods](#s1){ref-type="supplementary-material"})[@b67]. To prepare mCNTs-QDs composites, the QDs were firstly purified and concentrated through ultrafiltration under centrifugation (3000 MW, 3000 rpm). Then 600 μL of purified QDs (500 nM) were first activated with 200 μL of freshly prepared 10 mg mL^−1^ EDC in 10 mM pH 7.4 PBS at room temperature for 20 min, followed by the addition of 200 μL of PEI functionalized mCNTs (0.5 mg mL^−1^) with QDs/mCNTs volume ratio of 3:1. The mixture was incubated for 2 h at room temperature under shaking in the dark. The free nonconjugated QDs were removed by centrifugation at 6,000 rpm for 5 min and washed with PBS for 3 times. The product was redispersed in 400 μL of 10 mM pH 7.4 PBS, which was denoted mCNTs-QDs composites. For attachment of primary anti-CEA antibody (Ab~1~), the mCNTs-QDs composites were re-activated with 100 μL of freshly prepared 10 mg mL^−1^ EDC at room temperature for 20 min, followed by the addition of 400 μL of 10 μg mL^−1^ Ab~1~in pH 7.4 PBS. After 1 h incubation at room temperature under shaking, the mixture was further incubated at 4°C for 12 h. Afterwards the mixture was centrifugated and washed with pH 7.4 PBS alternately for 3 times remove any free Ab~1~. 400 μL of 10 mM pH 7.4 PBS was added to the bioconjugate precipitate collected, vortexed to form an homogeneous dispersion, and stored in refrigerator at 4°C.

Preparation of the GNRs-Ab~2~ Bioconjugates
-------------------------------------------

CTAB stabilized GNRs with different aspect ratios were firstly prepared according to previous reports with appropriate modifications ([Supplementary Methods](#s1){ref-type="supplementary-material"})[@b50][@b68]. Subsequently, 100 μL of 30% PSS solution was added into the GNRs dispersion and sonicated for 3 h. After centrifuged and washed for 3 times to remove excess polyelectrolyte, the resulting precipitate was redispersed in 5 mL pH 7.4 PBS and mixed with 20 μg mL^−1^ secondary anti-CEA antibody (Ab~2~) in PBS solution with volume ratio of 1:1. After shaking for 1 h, the GNRs-Ab~2~ bioconjugates were centrifuged and washed with pH 7.4 PBS twice to remove unbound antibodies, and dispersed in 5 mL 1% BSA in pH 7.4 PBS for another 1 h to block nonspecific binding. The BSA blocked GNRs-Ab~2~ bioconjugates were washed with PBS and dispersed again in 5 mL PBS, vortexed to form an homogeneous dispersion, and stored in refrigerator at 4°C for the detection of CEA.

Preparation of the ECL Immunosensor
-----------------------------------

Optimized steps in the immunosensor preparation procedure were as follows:

A gold electrode (GE) was polished carefully with 1.0, 0.3, and 0.05 μm alumina powder on fine abrasive paper sequentially and then washed ultrasonically in water and ethanol for a few minutes. Prior to use, the Au electrode was cleaned with freshly made piranha solution (98% H~2~SO~4~:30% H~2~O~2~ = 3:1, v/v) for 10 min and cleaned thoroughly with water.After the electrode was rinsed thoroughly with water and allowed to dry at room temperature, mCNTs-QDs-Ab~1~ bioconjugates solution (10 μL) was dropped onto the cleaned electrode at room temperature. After rinsed thoroughly with washing buffer, 10 μL of blocking solution with 2% (w/v) BSA was dropped on the mCNTs-QDs-Ab~1~bioconjugates modified GE at 37°C for 1 h to block non-specific binding sites of mCNTs-QDs-Ab~1~film.After thoroughly washing, the mCNTs-QDs-Ab~1~ modified GE was soaking in 50 μL of CEA samples with different concentrations at 37°C for 1 h, followed by washing with PBST for 1 min.Then the electrode was secured in an inverted position and incubated in 50 μL of GNRs-Ab~2~ bioconjugates solution at 37°C for 1 h, followed by thoroughly washing with PBST. The resulting electrode was stored in the refrigerator 4°C when not in use.

The experimental parameters including temperature and pH were all optimized by means of ECL experiments in 0.1 M pH 7.4 PBS containing 0.1 M K~2~S~2~O~8~ and 0.1 M KCl in our previous method[@b48] except the incubation time for GNRs-Ab~2~ bioconjugates ([Supplementary Fig. S21](#s1){ref-type="supplementary-material"}).

ECL Immunosensor Detection of CEA
---------------------------------

0.1 M pH 7.4 PBS containing 0.1 M K~2~S~2~O~8~ and 0.1 M KCl was used as the electrolyte in ECL analysis, where the K~2~S~2~O~8~was the coreactant, and it is not necessary to purge N~2~before the ECL measurement. ECL and CV signals were obtained simultaneously via cyclic voltammetry between 0 V and −1.5 V with a scan rate of 200 mV s^−1^ using a configuration consisting of bare or modified gold electrodes (4 mm in diameter) as working electrode, a platinum counter electrode, and a saturated calomel electrode as the reference electrode. All potentials were quoted in this manuscript against this reference electrode.
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![Wavelength-tunable CdSeTe/CdS/ZnS QDs.\
(a) Interrelationship between band gap energy, lattice constant, and lattice mismatch of bulk cubic CdTe, CdSe, CdS, and ZnS. Herein, lattice mismatch refers to the mismatch compared to CdTe. (b) Synthetic procedures for the preparation of CdSeTe/CdS/ZnS QDs. (c) Photo images of the prepared CdSeTe/CdS QDs (samples 1--9) and CdSeTe/CdS/ZnS QDs (sample 10, relative to sample 7) taken under visible (upper) and UV light (lower), respectively.](srep01529-f1){#f1}

![Optical characterization of QDs.\
(a) Normalized PL spectra of CdSeTe/CdS QDs with variant Te/Se molar ratios after microwave radiated for 10 min and 30 min: (i) 100:0, (ii) 83:17, (iii)75:25, (iv) 33:67, (v) 20:80. (b) Normalized PL spectra of CdSeTe/CdS QDs with different CdCl~2~ concentrations (mM) for CdS coating: (i) 0, (ii) 2.5, (iii) 5, (iv) 10. (c) UV-vis absorption spectra (left) and PL (right) of the CdSeTe/CdS QDs prepared under the optimum reaction conditions with continuous reaction time: (i) 2 min, (ii) 5 min, (iii) 10 min, (iv) 15 min, (v) 20 min, (vi) 25 min, (vii) 40 min. And the related emission wavelength, QYs and FWHM values are presented. (d, e) PL (d) and lifetime spectra (e) of the CdSeTe/CdS QDs (i and iii) and corresponding CdSeTe/CdS/ZnS QDs (ii and iv), as well as the related emission wavelength, QYs, average lifetimes.](srep01529-f2){#f2}

![Topography and structure evolution upon QDs synthesis.\
(a--d) HRTEM images of CdSeTe clusters (a), CdSeTe/CdS QDs (b), and CdSeTe/CdS/ZnS QDs (c, d). The inset in (a) depicts the representative image of individual CdSeTe nanoclusters, the insets in (b) and (c) represent the size distributions of the corresponding QDs. (e) XRD patterns of CdSeTe nanoclusters, CdSeTe QDs, CdSeTe/CdS QDs, and corresponding CdSeTe/CdS/ZnS QDs. Standard diffraction lines of cubic CdTe, cubic CdSe, cubic CdS, and cubic ZnS are shown for comparison.](srep01529-f3){#f3}

![Construction of the ECL immunosensor.\
(a) Schematic representation of preparation procedure for mCNTs-QDs composites. (b) Schematic illustration of the stepwise immunosensor fabrication process.](srep01529-f4){#f4}

![The monitoring of the ECL-ET based sensor assembly.\
(a) Comparison of the spectral properties among QDs and GNRs based donor/acceptor pair. (1) and (2) are the UV-vis absorption spectra of GNRs and GNRs-Ab~2~, respectively. (3) is the ECL spectrum of mCNTs-QDs nanocomposites. Inset is the SEM image of GNRs. (b) ECL− potential curves of stepwise modified electrodes: (1) bare GE, (2) pure QDs/GE, (3) mCNTs-QDs/GE, (4) mCNTs-QDs-Ab~1~/GE, (5) BSA/mCNTs-QDs-Ab~1~/GE, (6) CEA/BSA/mCNTs-QDs-Ab~1~/GE, (7) GNRs-Ab~2~/CEA/BSA/mCNTs-QDs-Ab~1~/GE, here CEA concentration is 0.1 pg mL^−1^. The inset is the separate ECL− potential curve of (2). (c) EIS of (1) GE, (2) mCNTs-QDs-Ab~1~/GE, (3) BSA/mCNTs-QDs-Ab~1~/GE, (4) CEA/BSA/mCNTs-QDs-Ab~1~/GE, (5) GNRs-Ab~2~/CEA/BSA/mCNTs-QDs-Ab~1~/GE respectively, here CEA concentration is 5 pg mL^−1^. (d) Influence of GNRs on the ECL-ET efficiency. (1) to (3) are BSA/mCNTs-QDs-Ab~1~/GE, GNRs701-Ab~2~/CEA/BSA/mCNTs-QDs-Ab~1~/GE, and GNRs633-Ab~2~/CEA/BSA/mCNTs-QDs-Ab~1~/GE respectively, here CEA concentration is 10 pg mL^−1^. Inset: comparison of (1) UV-vis absorption spectrum of GNRs633 and (2) ECL spectrum of mCNTs-QDs nanocomposites.](srep01529-f5){#f5}

![ECL-ET model.\
Schematic representation of the ECL-ET between QDs/GNRs donor/acceptor pair located in close proximity via immunoreaction, wherein the ECL setup is curtly represented by the electrolytic cell, the working electrode (WE) and the PMT.](srep01529-f6){#f6}

![Sensitive detection of CEA.\
(a) ECL−potential curves of the immunosensor at different concentrations of CEA. (b) Calibration curve for CEA determination using (1) ECL-ET and (2) antigen-antibody complex based sensing strategies, error bars were calculated from triple parallel experiments.](srep01529-f7){#f7}
